SUMMARY The mean pressure drop across the mitral valve and atrioventricular pressure half-time were measured noninvasively by Doppler ultrasound in 40 normal subjects, in 17 patients with mitral regurgitation, 32 patients with mitral stenosis and 12 with combined stenosis and regurgitation. In normal subjects pressure half-times were 20-60 msec, in patients with isolated mitral regurgitation IN PATIENTS with mitral stenosis, the pressure drop across the mitral valve can be estimated noninvasively using velocity measurements obtained from a Doppler ultrasound probe positioned at the cardiac apex.', 2 Suitable approximations are used to calculate this pressure drop, but its accuracy in predicting the degree of stenosis will be affected by heart rate and cardiac output in the same manner as invasive pressure measurements.
IN PATIENTS with mitral stenosis, the pressure drop across the mitral valve can be estimated noninvasively using velocity measurements obtained from a Doppler ultrasound probe positioned at the cardiac apex.', 2 Suitable approximations are used to calculate this pressure drop, but its accuracy in predicting the degree of stenosis will be affected by heart rate and cardiac output in the same manner as invasive pressure measurements.
Most invasive studies use calculations of mitral valve area to determine the severity of mitral stenosis. However, Libanoff and Rodbard3 4 suggested a different technique for estimating severity, using the left atrial and left ventricular pressure measurements: the pressure half-time. This is a measurement of the time taken for the pressure drop to fall to one-half its initial value, and was shown to be independent of heart rate and cardiac output. Since maximal blood velocity in the mitral jet is directly related to the pressure drop, and since we observed a linear fall in maximal velocity throughout early diastole on the Doppler recordings, it appeared likely that the pressure half-time could be estimated noninvasively from these measurements.
In this study we measured atrioventricular pressure half-time noninvasively by ultrasound in normal subjects, in patients with isolated mitral regurgitation, in patients with mitral stenosis and in patients with both stenosis and regurgitation. It was also measured during exercise and repeatedly in mitral stenosis and combined stenosis and regurgitation, and it was related to mitral valve area (MVA) calculated from catheterization data.
Patients and Methods

Ultrasonic Examination
The ultrasonic Doppler instrument used to measure mitral flow velocity is described in detail elsewhere. ' The instrument can be used either in a pulsed mode or as a continuous wave meter. The ultrasonic frequency is 2 MHz. In the pulsed mode using repetition frequencies of 6.7 and 9.8 kHz, velocities up to 1.7 in/sec can be measured within 7 cm from the transducer and 1 m/sec within 12 cm. The velocities are measured in a cylindrical volume about 15 mm in diameter and 7.5 mm long.
In the continuous mode, velocities up to 6 m/sec can be measured, but with loss of range resolution. A maximum frequency estimator was used to obtain maximal velocity from the Doppler signal. The ultrasonic measurements were done as described earlier.2 With the transducer in the apical area the Doppler signal of mitral flow was first detected. The transducer was then moved and angulated until maximum Doppler shift in the mitral jet was found, using the audio signal as a guide, and confirmed by the maximal velocity recorded. In this position mean and maximum velocities were recorded on a Mingograph together with ECG and phonocardiogram. From the maximum velocity curve, pressure drop during diastole was calculated as described earlier2 from the formula PI -P2 = 4v2, where P, -P2 is the pressure drop across the valve and v is the maximal velocity in the mitral jet. The pressure drop was calculated for several points during diastole and mean pressure drop from the curve drawn through these points. The pressure half-time (t,2) is the time required during diastole for the pressure difference (P1 -P2) across the mitral valve to fall to one-half of its initial value at the onset of diastole (t = 0), so Pl -P2 (t 1,,,) = 1/2PI-P2 (0) (1) As stated above, we have at any time t during diastole:
Pl -P2 (t) = 4v2 (t) (2) AV PRESSURE MEASURED BY DOPPLER/Hatle et al.
Substituting equation (2) into equation (1):
Thus, the pressure half-time is the same as the time required for the maximum velocity curve to fall from peak velocity to peak velocity divided by 2 1.4. Pressure half-time varied slightly from beat to beat, and the mean of 10 beats was used.
With maximal velocities below 1.7 m/sec, mitral flow was measured by pulsed ultrasound while the continuous mode was used with higher velocities. Ultrasonic measurement of atrioventricular pressure half-time was done in 40 normal subjects (20 children and 20 adults), in 17 patients with isolated mitral regurgitation, in 32 patients with mitral stenosis and in 12 with combined stenosis and regurgitation. In 19 patients with mitral stenosis or combined stenosis and regurgitation, it was measured both at rest and during exercise, bicycling in the supine position. In 15 patients measurements were repeated one or more times within weeks, in some cases after 1-1½/2 years.
Heart Catheterization Right-and left-heart catheterizations were done percutaneously from an antecubital (or femoral) vein and femoral artery, respectively. Pressures were measured simultaneously in the left ventricle and the pulmonary wedged position using an ElemaSchoenander transducer, type EMT 35, and recorded on a Minograph 81. The zero level for pressure measurement was the anterior axillary line in the fourth intercostal space. Cardiac output was determined by the Fick method (breathing into a Douglas bag for 3 minutes while blood tests were taken from the femoral and pulmonary arteries in the middle of the period). MVA was calculated using the revised Gorlin formula.8 In patients with combined mitral stenosis and regurgitation, MVA was calculated using the same formula, but cardiac output was determined by angiography. Left ventricular angiography was done in the 300 right anterior oblique position. Left ventricular volumes were calculated using the method of Dodge, modified by Kasser.9 Only cases with regular heart rate during angiography were included in the study. The correlation coefficient between cardiac output determined by the Fick method and by left ventricular angiography in our laboratory was 0.85 in 18 patients without valvular regurgitation or dyskinesia.
Heart catheterization was done in 32 patients for evaluation of mitral valve surgery. In 25, the pressure recording was done simultaneously with ultrasonic measurement and in seven, ultrasonic measurement was done the day before catheterization. Twenty-five had mitral stenosis and seven had combined stenosis and regurgitation. There were 26 women and six men. Ages ranged from 41-72 years (mean 56.1 years). Sixteen were in sinus rhythm and 16 had atrial fibrillation. All the patients with combined stenosis and regurgitation were in sinus rhythm. Seven were in functional class II, 16 in III, while nine had just recovered from pulmonary edema or right heart failure.
Results
Normal Subjects Figure 1 shows ultrasonic recording of mitral flow in a normal subject. Flow is biphasic, with an initial peak early in diastole and a second peak after atrial contraction. Mean velocity is only slightly lower than maximal velocity, indicating a nearly flat velocity profile in the absence of mitral valve stenosis. Pressure half-time is measured from the decline in maximal figure 2 . Peak maximal velocity (and peak pressure drop) is higher than in figure 1, but pressure half-time is within the range found in normal subjects. Mean pressure drop in the 17 patients calculated from the maximal velocity curve was 1-5 mm Hg (mean 3 mm Hg), and the highest values were observed when the regurgitation was large and the heart rate rapid. Figure 3 shows ultrasonic recording of maximal velocity with calculated pressure drop and pressure half-time in a patient with severe mitral stenosis. A linear fall in velocity is seen throughout diastole. Because of atrial fibrillation a second peak due to atrial contraction is absent. Mean pressure drop varies with the length of diastole, while pressure half-time is similar from beat to beat. Figure 4 shows ultrasonic recording of maximal velocity in a patient with mitral stenosis in sinus rhythm. In this case pressure half-time varied a little more from beat to beat, but was within the range shown. Mitral stenosis was less severe in this case than in the previous one and pressure half-time was considerably shorter. Mean pressure drop, however, was much higher, 23 mm Hg, due to a higher cardiac output and a more rapid heart rate.
Mitral Stenosis
In a few patients with mitral stenosis, decline in maximal velocity was linear only during the first part of diastole; only this was then used for the measurements. A slower decline in maximal velocity in the last part of diastole ( fig. 5 , left) has so far been noted only at velocities well below 1 m/sec (i.e., at a pressure drop less than 4 mm Hg).
Pressure half-time in the patients with mitral stenosis ranged from 90-383 msec. Individual results are shown in table 1, together with MVA and mean pressure drop by pressure recording and by ultrasound. In the patients with simultaneous measurements, average mean pressure drop was 15.1 mm Hg by pressure recording and 14.2 mm Hg calculated from ultrasonic recording. The correlation coefficient was 0.92. In the patients in whom ultrasonic recording was done on the day before catheterization the correlation was less, but heart rate varied on the two recordings. Recordings from a patient with severe isolated mitral regurgitation are shown on the right in figure 5. Initial maximal velocity and peak pressure drop were as high as in the patient with mitral stenosis, but decline in velocity was more rapid and pressure halftime much shorter. When comparing the three cases the maximal velocity curve indicates whether the increased maximal velocity and pressure drop are caused by the presence of stenosis or increased flow or both.
Exercise and Repeat Studies
On exercise the mean increase in heart rate in the 19 patients was 39% (from 67.1 to 93.4 beats/min) and the mean increase in pressure drop was 90% (from 6.8 to 12.9 mm Hg). Pressure half-time decreased slightly (4.6%), from 174.8 to 162.8 msec (NS).
Pressure half-time on exercise and on repeat examinations are shown in figure 6 . On repeat studies only small changes in pressure half-time were seen, despite greater changes in heart rate and mean pressure drop on the different measurements. One patient was seen both in sinus rhythm and during atrial fibrillation, while another was observed during heart failure and after recovery. The small increase in pressure half-time (from 220.6 to 230.6 msec) from the first to the second examination was not statistically significant. The correlation coefficient for pressure drops measured by the two methods when recorded simultaneously was 0.94 = 0.204 (sEM). The correlation coefficient between pressure half-time and rnitral valve area was -0.74 (sEm i= 0.186). In parentheses, heart rate on the two occasions in patients with nonsimultaneous recording.
Mitral Valve Area
MVA calculated from catheterization data is shown in table 1. In two of the patients with combined stenosis and regurgitation the degree of stenosis was small, with values for MVA (3.55 and 3.0 cm2) and pressure half-times (90 and 112 msec) closest to the normal range. In the remaining patients, MVA ranged from 0.39-1.80 cm2.
In figure 7 MVA is related to pressure half-time. With progressive reduction in valve area increasing pressure half-times are noted. There is a possible linear relationship between MVA and pressure halftime when values approximating the normal range are excluded. The correlation was significant in the 30 patients with MVA < 1.80 cm2 (r = -0.75) and in the 25 patients with isolated mitral stenosis (r = -0.72). In the five patients with combined mitral stenosis and regurgitation the correlation did not reach significance (r = -0.74).
In figure 8 pressure half-time is related to mean pressure drop and to MVA. Patients with a MVA less than 1.0 cm2 have pressure half-times from 233-383 msec and mean pressure drops ranging from as low as 5 mm Hg to as high as 30 mm Hg. Those with a low pressure drop had reduced cardiac output and mitral flow; the severity of the stenosis, however, was indicated by the long pressure half-time. Those with a high pressure drop had normal or increased mitral flow (associated mitral regurgitation). In patients with MVA between 1.0 and 1.5 cm2 pressure half-times ranged from 174-280 msec. With a MVA larger than 1.5 cm2 pressure half-times were lower than 180 msec, except in one patient who had a half-time of 216 msec and a MVA of 1.55 cm2. A high pressure drop can also be seen with MVA larger than 1.5 cm2, as in the patient with a mean pressure drop of 16 mm Hg and a pressure half-time of 112 msec. The short pressure half-time indicates that the high pressure drop is mainly due to increased mitral flow and less to severity of mitral stenosis. (The patient had a large regurgitation and a MVA of 3.0 cm2.) Patients with isolated mitral regurgitation may have a mean pressure drop similar to that in patients with mild mitral stenosis, but the two groups are clearly separated when measurement of pressure halftime is added.
Limitations and Sources of Error
A nonlinear fall in maximal velocity at low velocities or nonlinearity at the beginning of diastole occasionally occurred, and pressure half-time was then measured as shown in figures 9A and B. When the PR interval is prolonged, resulting in an increase in velocity from atrial contraction early in diastole ( fig. 9C ), pressure half-time cannot be measured. The same problem may arise during exercise with high heart rates and sinus rhythm. In patients with atrial flutter or atrial tachycardia the frequent atrial contractions may prevent measurement of pressure halftime ( fig. 9D ).
To estimate pressure drop and pressure half-time accurately, good Doppler signals must be obtained throughout diastole from a position where the angle between ultrasound beam and maximal velocity is not too large. Figure 10 shows the effect of increasing this angle, calculated from the Doppler equation, on max- imal velocity and calculated pressure drop. Pressure half-time is independent of this angle.
If the ultrasound beam is not aimed at a central part of the mitral jet optimal Doppler signals may be obtained only during part of diastole due to movements of the heart. This may both underestimate pressure drop and change pressure half-time, which will be prolonged with insufficient signals in the first part of diastole. This possible source of error did not seem to be important, as pressure half-time on different occasions in the same patients varied very little. Figure  11 shows two measurements (A and B) in one patient 3 months apart with almost identical results. When the transducer was deliberately angled away from the optimal position, pressure drop was underestimated and pressure half-time prolonged ( fig. 9C ). Discussion The relationship between MVA and pressure halftime described by Libanoff and Rodbard3' I was conm/s
Max. veloCity firmed in the present study. Their pressure data were obtained at catheterization and compared with MVA at operation, while in the present study the pressure drop and pressure half-time obtained noninvasively by ultrasound were related to the MVA calculated from catheterization data. The results were similar with pressure half-times increasing from about 100 to 400 msec with increasing severity of mitral stenosis.
In both studies only a slight decrease in pressure half-time with exercise was associated with significant increases in pressure drop and, presumably, flow. This relative independence of flow is in agreement with the close correlation found between pressure half-time and MVA.
The same applies to mitral regurgitation, which did not influence the pressure half-time in any of the studies. A similar relationship to valve area was found as in pure mitral stenosis. This is useful because the clinical evaluation of severity of stenosis in the presence of mitral insufficiency may be difficult. Askenazi'0 has shown that a reliable estimate of MVA can be made in the presence of mitral regurgitation if a satisfactory left ventricular angiogram with correct calibration is obtained, heart rate is regular and there is no aortic regurgitation. The relative independence of flow is also shown by the constancy of the pressure half-time on repeat examination despite great variations in the clinical situation, such as great changes in heart rate and pressure drop, change from sinus rhythm to atrial fibrillation and from heart failure to recovery.
By combining the noninvasive measurement of pressure drop and pressure half-time the severity of mitral stenosis can be better assessed than by pressure drop alone. Combination of the two measurements also makes deductions about mitral flow possible to some degree. With a long pressure half-time a high pressure drop would indicate severe stenosis with maintained or increased flow and a low pressure drop would indicate reduced flow. In a patient with mitral stenosis, increase in pressure half-time would indicate progressive stenosis, while a reduction in pressure drop would indicate decrease in mitral flow and cardiac output. When pressure half-time is short, a high pressure drop would indicate increased flow and in combined mitral stenosis and regurgitation, a high pressure drop in relation to the pressure half-time would indicate that the regurgitation was significant.
On exercise the increase in pressure drQp related to change in heart rate and diastolic time might make it possible to judge whether flow can be significantly increased.
Calculation of both pressure drop and pressure halftime from the maximal velocity curve in mitral regurgitation also makes it clear whether additional stenosis is present or not. The pressure half-time in patients with isolated mitral regurgitation and in normals was slightly longer in this study than in that of Libanoff and Rodbard.3 4 This may be due to the different method used. There was still clear separation between these and patients with mild mitral stenosis. 
